This paper studied the aerodynamic effects of a single scalloped ice accretion and two lower fidelity ice-shape simulations. These data were compared to the aerodynamics of a clean 8.9% scale CRM65 semispan wing model at a Reynolds number of 1.6 x 10 6 . The clean wing experienced an aggressive, tip-first stall and showed a small, strong leading-edge vortex at lower angle-of-attack while the iced cases showed larger, seemingly weaker leading-edge vortices at similar angles. The size of these vortices is larger for the low-fidelity ice shape. The stall pattern for the iced cases was also tip-first, but more gradual than the clean wing. The high-fidelity ice shape produced streamwise flow features over the upper surface of the wing due to flow moving through gaps that exist in the ice shape geometry that disrupted the formation of the leading-edge vortices, changing the aerodynamics of the wing. These gaps do not exist in the low-fidelity shape. The low-fidelity scallop ice shape was non-conservative in its aerodynamic penalties compared to the full high-fidelity case. 
II. Introduction

III. Experimental Methods
The low-Reynolds number aerodynamic testing of the full-span artificial ice shapes was performed in the 7 × 10 ft. Beech Memorial Wind Tunnel at Wichita State University, an atmospheric, closed-return tunnel. An 8.9% scale CRM65 semispan wing model was used for this testing and a summary of the subscale model parameters and dimensions are shown in Table 1 and Fig. 1 .
The model was designed to test artificial ice shapes and includes a removable leading-edge. The main wing and clean leading edge were machined from aluminum. The iced, reusable leading edges were rapid prototyped using stereolithography. The removable leading-edge segments were attached to the main wing model for aerodynamic testing. The clean, aluminum leading-edge model was tested with a variety of boundary-layer trip configurations on both the upper and lower surfaces of the wing to provide baseline comparison data. This model was tested at the conditions summarized in Table 2 with clean and a variety of leading-edge ice-shape configurations. Additional diagrams and images of the model can be found in Broeren [10] .
The model was constructed with several rows of pressure taps to acquire surface pressure data. Figure 2 shows a picture of the wing with the pressure tap rows marked. Force-balance data were acquired as well over a range of angles of attack and corrected for wall interference. These data and their respective uncertainty are described in detail in Broeren et al [10, 17] . A summary of the uncertainty of these data are given in the appendix.
Multiple ice accretions were generated in the IRT and were used to develop full-span artificial ice shapes tested in the tunnel at Wichita State University. Details about this process are presented by Camello et al [9] . The aerodynamics of the maximum scallop ice shape are studied in detail in this paper. An important part of the evaluation of the aerodynamics of the ice shapes on the swept wing model is the effect of ice-shape fidelity. Three fidelities of the maximum scallop ice shape were created and have been tested to date: high-fidelity, low-fidelity 3D smooth, and lowfidelity 3D smooth with 60-grit roughness. The high-fidelity model is one that is the result of a laser scan of three spanwise stations of ice accretions (inboard, midspan, and outboard) that have then been interpolated between to generate a full-span leading-edge ice shape. The low-fidelity 3D smooth ice shape geometries were created by lofting through a series of 2D cuts along the span of the high-fidelity ice shape geometry.
Two different flow visualization methods were used during the tests. Fluorescent mini-tuft data were collected during aerodynamic performance sweeps for many of the model configurations. 0.0019-inch diameter fluorescent monofilament tufts were attached to the model surface with cyanoacrylate adhesive in streamwise rows, the tufts were illuminated by a remote flash with a UV black light filter so they could be photographed at select angles of attack. The second visualization method used was surface-oil flow visualization. A mixture of mineral oil and fluorescent dye was applied to black contact paper on the wing surface with sponge paint rollers. The tunnel was then ramped up to the desired speed for a total run time of two minutes from fan on to fan off. Again, the test section was illuminated by a remote flash with a UV black light filter so the model could be photographed with the surface oil. These visualization methods can be used to detect three-dimensional flow characteristics present such as separated flow and vortices. More detail on the wind tunnel model and experimental methods can be found in Broeren et al [10] .
Wake surveys using five-hole probes were acquired for a limited set of ice shape and angle of attack conditions. This technique was described by Lum et al [12] . The technique has been shown to provide reasonable quantitative measurements of lift and drag, including their spanwise distribution. The wake data are particularly useful in visualizing the large vortices shed into the wake during the swept-wing stalling process.
Note that in previous studies using these data [10, 11, 12] , α was corrected in a different manner. In this paper, the correction used for α results in a decrease of approximately 0.5 deg. in α for the same cases when compared to previous studies using the data. More details on this change are given by Lee et al [18] . 
IV. Results and Discussion
Force balance, surface pressure, and mini-tuft flow visualization data were collected for each of the three Reynolds numbers and Mach number combinations on all the model and ice shape configurations. A summary of the lift, drag, and moment results for the clean wing for the three Reynolds number/Mach number combinations tested is shown in Fig. 3 . Results for the iced cases are quantified by Broeren et al [17] . The results on the clean model show very similar results at the two higher Re and M combinations while the lower Re and M data deviate more significantly at the higher angles of attack. The iced data show even less Re and M dependence in this range. An analysis of the effect of Re and M will be presented in detail in another paper at the conference by Broeren et al [19] . Lee et al [18] are also examining these effects and show that the effect of both Re and M for the high-fidelity maximum scallop shape is smaller than that for the clean wing, which shows a greater difference in aerodynamics with a change in Re than a change in M. This paper will focus on the results for a single combination of Re and M, Re = 1.6 × 10 6 and M = 0.17, as the primary goal of this paper is to better understand the swept-wing aerodynamics with ice accretions and how this is affected by ice shape fidelity. A comparison of the aerodynamic data for the high-fidelity maximum scallop ice shape to the two low-fidelity maximum scallop ice shapes as well as the clean wing is summarized in Fig. 4 . In this plot there is significant aerodynamics performance differences between the high-fidelity ice shape and the two 3D smooth representations, with and without grit roughness. The effect of adding the grit roughness on the 3D smooth low-fidelity roughness is small. This was also considered by Camello et al. [11] (Camello refers to this same 3D smooth lowfidelity model as the 2D smooth model). Thus, this paper will focus on the clean wing, the 3D smooth maximum scallop ice shape, and the high-fidelity maximum scallop ice shape.
Computer-generated geometry for the 3D smooth maximum scallop ice shape and the high-fidelity maximum scallop ice shape are shown at select spanwise points in Fig. 5 . The geometry for the 3D smooth maximum scallop ice shape is based on the high-fidelity maximum scallop shape. Not all high-fidelity ice shape features are recreated in the smooth ice shape. The process of the creation of the ice shape is detailed by Camello et al [9] . The geometry is viewed from the lower surface, with the root to the left of the image and the wing tip to the right. The geometry for both ice shapes changes with span. For the 3D smooth ice shape, there is a large variation near the midspan. The shape changes curvature rapidly in this region. The high-fidelity shape has scallops that extend out from the leading edge. The scallops are the three-dimensional ice features that repeat in the spanwise direction and result in gaps for airflow to move between the scallops in primarily a streamwise direction. The width of these gaps, along with the width of the scallops, change with span as well. For inboard and outboard sections of the wing, the ratio of scallop width to gap width is close to 1. This ratio increases near the midspan. Scallop width and gap width are plotted versus span in Fig.  6 . A physical view of this change is shown in Fig. 5 . This variation in the scallops and the resulting gaps will be shown in a later section to impact the flowfield.
A. Clean Wing
The aerodynamics of swept wings are made complex due to a combination of several 3D effects. Some of these effects become apparent when observing the stall progression of the wing with increasing angle of attack. The progression of 3D effects and flow separation with increasing α is seen most clearly using flow visualization. Figure  7 shows mini-tuft imagery for the clean wing for α = 4.31 deg., α = 8.50 deg., α = 10.57 deg., and α = 12.63 deg. In Fig. 8 , surface oil flow is shown also for α = 4.31 deg., α = 8.50 deg., α = 10.57 deg., and α = 12.63 deg.
The clean swept wing flowfield at increasing angle of attack is characterized by the formation of a leading-edge separation vortex, strong spanwise flow that develops on the surface near the trailing edge, and eventually large-scale flow separation. These features are well known and are described in the classic paper by Poll [14] and have been identified for this geometry in several earlier papers [10, 11, 16] . Here we see in the mini-tuft images and oil flow these same features.
At α = 4.31 deg. the mini-tufts are in the streamwise direction root to tip There is no motion-blur of the tufts to indicate any unsteady or separated flow. As α increases to 8.50 deg., there is some outboard movement of the tufts near the trailing edge of the wing. The tufts indicate a spanwise flow direction, from the wing root to the wing tip. The oil flow visualization at low α shows a leading-edge separation vortex. The vortex is small and not visible in the minitufts. Primary separation occurs on the leading edge, the flow reattaches a short distance downstream, and the reverse flow experiences a second, secondary separation, right behind the initial separation point. These features are identified in the oil as we move downstream on the leading edge, where in this upper surface view separation occurs but can't be easily seen, followed by a bright spanwise pooling of oil which is the secondary separation, and then a black region relatively void of oil, which is just ahead of reattachment where the oil is scrubbed forward to form the bright secondary separation line. This type of flowfield has been extensively studied in 2D and described by many authors including for the icing case by Bragg et a. [1] . The primary difference here, due to the spanwise gradients, is the rolling up of this separation into a spanwise vortical, or vortex flow. Kerho et al. [20] show this feature clearly on a swept iced wing using LDV flowfield measurements and helium bubble flowfield tracers.
For α = 10.57 deg., the mini-tufts in Fig. 7 show spanwise flow near the trailing edge from root to tip. On the outboard section of the wing, there are reversed mini-tufts near the wing tip identifying separation occurring near the wing tip. This was also seen by Broeren [10] . While this wing has significant washout (over 8 deg.) intended to reduce the tendency of swept wings to experience tip stall, the tip Reynolds number is very low for these tests and well below the design value. The classic explanation involves the boundary layer over the outboard sections of the wing to thicken due to spanwise flow, coupled with the adverse pressure to cause early tip separation. The mini-tuft imagery for α = 12.63 deg. shows that separation continues to occur from the outboard to the root of the wing. Though the change in α is small (approximately 2 deg.), the separation progresses quickly, and continues to do so until CL,max occurs at approximately α = 13.5 deg.
The oil flow imagery shows the tip separation at α = 10.57 deg. and it grows in extent as α = 12.63 deg. Near the wing tip, the leading-edge vortex in this α range expands rapidly. This expansion likely contributes to the separation occurring in this region, along with the spanwise flow. This separation region grows large as α increases to 12.63 deg. Figure 9 shows the upper-surface Cp distributions for the clean wing at α = 4.31 deg., α = 8.50 deg., α = 10.57 deg., and α = 12.63 deg. for the five streamwise rows on the wing. Here the root Cp distributions are on the right side of each the plot and the tip on the left. For low α, the pressure coefficient peaks (low pressure) near the leading edge, indicates a large amount of suction on the upper surface, leading edge of the wing. The pressure coefficient distributions show suction on the upper surface continuing to increase as α increases to 8.50 deg. The mini-tuft and oil flow imagery show separation near the wing tip for α = 10.57 deg. However, there are no pressure taps in this region (for y/b > 0.9), and thus this separation is not seen clearly in the Cp distribution. The tip-most pressure row shows a slight pressure increase near the leading-edge, which may be an effect of the separation in this region. The separation is seen more clearly for α = 12.63 deg. The outer two pressure rows show Cp has increased and is relatively flat along the local chord for these regions indicating flow separation. These two rows correspond to y/b = 0.81 and y/b = 0.9, corresponding to the region where separation has occurred for this α. CL,max for the clean wing occurs at approximately α = 13.5 deg. At this point, the lift coefficient drops sharply, the drag coefficient increases rapidly, and the change in Cm with α becomes positive. The nose-up, positive, change in pitching moment with α is a classic effect of swept wings experiencing tip stall and approaching CL,max . At this point, flow over most of the wing has separated. The only non-separated region is near the root again contributing to the nose-up pitching moment.
All data seems to agree with respect to the phenomena occurring on the clean wing as α increases. Spanwise flow near the trailing edge, leading-edge separation and the formation of a leading-edge vortex, and then tip stall which moves inboard leading to maximum lift, large drag rise, and nose-up pitching moment. The clean wing shows indications of an aggressive tip-first stall that occurs beginning at α = 10.57 deg., with CL,max occurring at α = 13.5 deg. Prior to this point, a leading-edge vortex forms along the span of the wing that later diffuses rapidly, contributing to separation of the flow. Flow separation is also caused by the spanwise flow moving from the root of the wing to the tip thickening the boundary layer and creating a strong adverse pressure gradient.
B. 3D Smooth Maximum Scallop
Two low-fidelity versions of the maximum scallop shape were tested as part of this wind tunnel program. They are both geometrically based on the high-fidelity maximum scallop ice shape. One of the shapes had roughness manually applied to simulate roughness effects associated with the high-fidelity ice shape. Figure 4 shows the change in CL and CD with α for both shapes. Aside from a small shift in magnitude, the smooth and rough shapes have nearly identical aerodynamic performance. Thus, for this Re and M, the effect of roughness is considered negligible, and only the 3D smooth maximum scallop shape without grit will be considered for comparison to the high-fidelity maximum scallop shape and the clean wing.
Examining Fig 4 , the aerodynamic performance of the iced versus clean wing shows reduced lift-curve slope and reduced maximum lift. Pitching moment is more nose up and breaks at a much lower angle of attack than the clean wing. At angles of attack less than 6 degrees, the drag is significantly higher than the clean for the 3D smooth shapes, and even higher for the high-fidelity shapes. First let's examine the flowfield of the swept wing with the 3D smooth ice shape and compare to that of the clean wing.
The differences in the aerodynamics between the 3D smooth shape and the clean case can be examined using the flow visualization. Mini-tuft imagery for the 3D smooth maximum scallop ice shape at α = 4. Fig. 7) saw no separation or vortex present. There is also some motion blur of the tufts near the leading edge of the wing at approximately y/b = 0.5, which is evidence of unsteady flow over the surface of the wing. As α increases to 6.40 deg. the tufts in Fig. 10 show that the separation region has grown rapidly over the outboard section of the wing. The leading-edge vortex starts farther inboard, and the spanwise flow near the trailing edge is extensive. Upon closer expansion of the tufts, two regions of leading-edge separation are seen divided by a row of mini-tufts near the midspan of the wing that is aligned with the freestream and a small region here of no, or reduced separation. This midspan region of reduced separation is likely due to a change in the 3D smooth ice shape geometry near this spanwise region. The curvature of the ice shape changes, as seen in Fig. 5 for the 3D smooth shape in the top image with the dotted line indicating the wing midspan.
The oil flow visualization for α = 4.30 deg. and α = 6.40 deg. is given in Fig. 11 . The oil flow imagery for α = 4.30 deg. shows a distinct reattachment line that results due to the separation and formation of the leading-edge vortex and corresponds well to the tuft data. The separation region for this α is much larger than that of the clean wing at a comparable α. For α = 6.40 deg., the oil flow visualization confirms the significant separation seen in the tuft data. There is a region of oil accumulation near y/b = 0.5 that is followed by a dark, oil-scrubbed region slightly outboard of this point. This likely correlates with a region of streamlined tufts seen for the same α. This region likely lies between areas of separation. The existence of large recirculation regions in the 3D smooth case are likely the reason why the lift coefficient curve has a change in slope in the α range of 6 to 8 degrees and the drag coefficient also turns much larger in this α region Again, from the tuft data in Fig. 10 , for α = 8.46 deg. the separation regions grow even larger, encompassing more of both the chord and span of the wing. The flow appears to be separated from the Yehudi break to the tip. The midspan region is no longer distinct. This trend continues for α = 10.50 deg., as flow separation moves toward the root of the wing. Note that no oil flow visualization data was collected for α = 8.46 and α = 10.50 deg.
This flow separation pattern is seen in the Cp distribution data shown in Fig. 12 for α = 4.30 deg., α = 6.40 deg., α = 8.46 deg., and α = 10.50 deg.) Note that there are no pressure taps in the ice shape itself, and thus the pressure coefficient data point closest to the leading edge is further downstream than in the clean case. For the clean case, the first pressure tap is located at a local x/c station of 0 for each pressure row. For both ice cases, the streamwise pressure row nearest the root begins at local x/c = 0.0075. The streamwise pressure row nearest the tip begins at local x/c = 0.05. All other streamwise pressure rows begin at local x/c = 0.015. The pressure coefficient distribution for the 3D smooth maximum scallop ice shape at α = 4.30 deg. is similar to that of the clean wing at comparable α. The suction peaks are slightly lower, but this is probably explained by the tap placement explained above. The separation near the leading edge is not clearly captured due to a lack of pressure taps in this region. As α increases to 6.40 deg., the pressure coefficient slightly increases in magnitude. That is, the pressure coefficient decreases and there is lower pressure over the upper surface of the wing. The suction peak increases on the two inboard stations while the center row sees reduced suction from its neighbors probably due to the geometry change and flow region seen in the oil and tuft flow. As α increases to 8.46 deg., and then 10.50 deg., the pressure coefficient over the four outboard pressure rows shows the effect of flow separation (reduced suction and little variation in Cp with chordwise location). Note that some data presented for the clean case is at different α than the ice shape cases, with data for the clean case presented at 4.31, 8.50, 10.57, and 12.63 degs. The effect is most prominent for α = 10.50 deg. However, the pressure coefficients in the first row show continued increase in suction and local lift as α increases. The changes that occur with increasing α are more gradual, as compared to the clean-wing case. As the wing begins to unload at high α due to separation on the outboard wing, it is seen in Fig. 4 that the change in Cm with α becomes positive around α = 7 deg.
The streamwise velocity deficit data were gathered using the wake survey technique on the swept wing with the 3D smooth ice shape at α = 4.30 and 6.40 deg. Note that the wake, seen in Fig. 13 , has some jaggedness associated with the edge of the wake. This is due to the technique used to find the wake, which is explained in more detail by Lum et al [12] . The dark red seen near the edge of the wake indicates that the wake streamwise velocity is almost equal to the freestream velocity. As the color changes from red to blue, the streamwise velocity decreases based on the scale given in the figure. For α = 4.30 deg., there is a clear discontinuity in the wake near a spanwise station of y/b = 0.6, which coincides with the mini-tuft imagery and oil flow visualization. At α = 6.40 deg., two large wake features on either side of this discontinuity at y/b = 0.6 are observed, corresponding to the separation regions seen in the oil flow visualization and thus interpreted to be large vortices shed in to the wake. The figure shows flow direction in the cross-flow plane as vectors. These vectors show the rotation of the flow. This corresponds to a change in the curvature of the ice shape, which occurs near y/b = 0.5. This change in curvature is seen in a computer-generated render of the geometry in Fig. 5 . One advantage of the wake survey technique over other data collection techniques is the ability to reduce the data collected to spanwise variations in lift coefficient and drag coefficient. These sectional coefficients give insight into the local aerodynamics at a given point on the wing. The process of this reduction is covered in more detail by Lum et al [12] . The spanwise lift and drag coefficients for α = 4.30 deg. and α = 6.40 deg. for the 3D smooth maximum scallop ice shape are shown in Fig. 14 . There is waviness in the spanwise distribution for both the lift and drag coefficients. These features coincide with the large vortices shed into the wake seen in the streamwise velocity deficit data, as well as with the separation regions seen in both the mini-tuft and oil flow visualization data. Local maxima in sectional lift coefficient correlate with local maxima in drag coefficient. Thus, the drag increase in these regions is caused by vortex-induced drag, as it is associated with an increase in sectional lift coefficient. Figure 15 shows a composite image of the growth of the leading-edge vortices for the 3D smooth maximum scallop ice shape for several α. At α = 2.20 deg., there is a small vortex near the leading-edge. The incoming flow separates around the ice shape and reattaches further downstream. On the upstream side of the reattachment line, particles move toward the leading-edge where they encounter a high pressure gradient region and form a weak vortex. On a swept wing, this vortex moves toward the wing tip due to spanwise flow over the wing. The particles downstream of the attachment line move slightly toward the wing tip due to the spanwise component of velocity, but then the streamwise component of free stream velocity overcomes the spanwise component and the particles flow almost parallel to the chord. As α increases to 4.30 deg., the attachment line is moved further downstream, increasing the radius of the leading vortex. In addition, the leading-edge vortex is formed closer to the wing root, but its termination is similar to that of the vortex formed at α = 2.20 deg. The vortices formed over the wing surface at α = 6.40 deg. are different than those at lower α. There are four different vortices over the wing surface at this α and only one terminates near the wing tip. The other three terminate over the wing surface inboard of the wing tip due to the large pressure gradient over the wing surface caused by spanwise flow as well as wing twist, which causes variations in the vortex strength along the wing span. Note that at low α, wing twist did not have a significant effect on the vortex strength along the wing span, but at higher α it may have some effect. At α = 6.40 deg., the flow over the wing surface is on the verge of separation, as seen by the sporadic vortices and their termination over the surface. For α = 7.44 deg., the attachment line has moved to mid-chord and vanishes prior to reaching the wing tip. The attachment line and the vortex shape both are similar to that of the clean wing. Therefore, it would be expected for flow to separate at α greater than 7.44 deg. This is the case, which is evident from Fig. 4 and is supported by the Cp data as well. Thus, the formation of vortices for the 3D smooth maximum scallop shape is caused by the presence of the ice shape. The vortices themselves are different from those formed on the clean wing.
For α between 0 deg. and 2 deg., the lift coefficient for the 3D smooth maximum scallop ice shape matches well with the high-fidelity shape. This also true for the trend in drag coefficient for α less than 6 deg., though the magnitude of CD for the 3D smooth shape is much lower. The 3D smooth maximum scallop ice shape is associated with large leading-edge vortices, seen as recirculation regions in the oil flow visualization and mini-tuft data. Streamwise velocity deficit data show that the wake behind the wing with the 3D smooth ice shape attached is large and indicates the existence of the large recirculation regions over the top surface of the wing. Spanwise sectional lift and drag coefficients show regions of local maxima in lift and drag associated with vortices that were shed into the wake. Pressure coefficient distribution data as well as CL, CD, and Cm data show that the change in the aerodynamics over the wing is somewhat gradual until high α. Separation over the wing occurs sooner than for the clean wing but is not as rapidly progressing.
C. High-Fidelity Maximum Scallop
The high-fidelity maximum scallop ice shape has 3D features that significantly alter the aerodynamics of the wing. The aerodynamic performance is shown in Fig. 4 . The high-fidelity maximum scallop shape lift performance is dissimilar to the 3D smooth shapes. The lift coefficient is lower for the high-fidelity shape than all other cases for α greater than 2 deg. The lift curve becomes nonlinear significantly earlier than the 3D smooth. In the α range from 0 to 6 deg. the pitching moment is more positive. The drag coefficient is much higher for the high-fidelity shape as compared to the 3D smooth for an α range of -6 to 6 deg.
Mini-tuft imagery for the high-fidelity maximum scallop ice shape case at α = 4.27 deg., α = 6.35 deg., α = 8.42 deg., and α = 10.47 deg. is shown in Fig. 16 . These are nominally the same angles of attack as Fig. 10 for the 3D smooth mini-tuft images. At α = 4.27 deg. the high-fidelity flow is very similar to the 3D smooth at α = 4.30 deg. Some spanwise flow develops near the trailing edge of the wing however the 3D smooth sees some leading -edge separation near the midspan that is not seen in the high-fidelity case. As α increases to 6.35 deg., the differences between the mini-tuft data for the high-fidelity maximum scallop ice shape and the 3D smooth maximum scallop ice shape are more apparent. On the high-fidelity maximum scallop ice shape tufts near the midspan leading-edge of the wing are indicative of the initiation of separation in this region. However, the 3D smooth maximum scallop ice shape has many more moving tufts, as the separation at a comparable α is much larger for that case.
The mini-tuft imagery at α = 8.42 deg. show separation has occurred over a good portion of the outboard section of the wing. The separation region covers from a spanwise station of approximately y/b = 0.2 to the wing tip. The mini-tuft imagery is similar for the high-fidelity ice shape case and the 3D smooth maximum scallop, which both seem to have separated flow from a spanwise station of approximately y/b = 0.2 to the wing tip. As most of the flow over the wing separates, the ice shapes have less influence over the flow. This is likely why the high-fidelity ice shape and the 3D smooth ice shape converge in CD and Cm for high α. Figure 17 shows oil flow visualization for α = 4.27 deg. and α = 6.35 deg. The oil flow visualization looks very different than the 3D smooth images in Fig. 11 . Extensive streamwise features, which Camello et al. [11] identified as streamwise vortices, are seen. These features are not present on the 3D smooth shape. While the features may contain streamwise vorticity, a slightly different mechanism is proposed here. The high-fidelity maximum scallop shape is highly 3D and contains ice scallops that repeat spanwise and are separated or connected by regions of thinner ice accretion, shown in Fig. 5 . The sizes of these scallops and the gaps between them are given in Fig. 6 . Regions where the ratio between the size of the scallops and gaps are greater than 1, such as between y = 22 in. and y = 30 in., is where the streamwise features disappear in the oil flow visualization. For spanwise locations less than 22 in. and greater than 30 in., the ratio of scallop width to gap width is near or below 1. In these regions, the ice shape is not "solid" to the oncoming flow as is the 3D smooth shape that was formed from the maximum extent or thicknesses on the measured scallop shape. As described by Camello, Lee, et al. [9] , the maximum scallop ice simulation tested was generated from three measured accretions of limited span and then morphing was used to generate a shape between these stations. Thus, the pattern of scallops and valleys repeats across the span changing slowly as it moves spanwise due to the morphing process. The dark streamwise regions correspond to these valleys between the scallop protuberances and allow relatively high-velocity air to flow through the ice shape and, due to the high shear, scrub off the oil exposing the black wing surface below. Thus, they act something like "jets" generated through the ice simulation. The bright streamwise regions are regions of reduced shear between the jets. There is some evidence of the oil streaks merging as they flow downstream that may well be the result of streamwise vortices, more research is needed to fully characterize this very complex 3D flow in this region. This flow feature is thought to be responsible for the differences in the swept-wing aerodynamics of the high-fidelity shape versus the simpler 3D smooth shape.
As α increases to 6.35 deg., oil flow visualization data indicates that the jet features are diminished near the midspan of the wing. This effect is likely due to the change in geometry of the ice shape itself. Near the midspan of the highfidelity maximum scallop ice shape, the gaps between the scallops decrease in size. A computer-generated rendering of this difference is shown in Fig. 5 , image c). This decrease in gap size, coupled with increased α, reduced the flow through the gaps in the ice in favor of moving around the leading-edge ice accretion instead. This is further evidenced by the existence of a flow separation region in the area where the jets disappear. The oil flow visualization shows a clear reattachment line from the separation region downstream of the ice shape. It is likely that the jets closer to the wing tip and near the root are preventing the flow from separating, as they would re-energize flow in this region by injecting higher energy flow. Further evidence of the flow separation and reattachment near the centerline is the apparent beading and concentration of oil just aft of the ice shape and ahead of the reattachment line in Fig. 17 , α = 6.35 deg. This beading represents the secondary separation line inside the overall leading-edge separation vortex. Indicative of the complex flow in this region, the line appears to be interrupted periodically, probably by some small flow through the ice shape. Figure 18 shows the Cp distribution data for α = 4.27 deg., α = 6.35 deg., α = 8.42 deg., and α = 10.47 deg. Note that there is no pressure data taken within the ice shape itself, similar to the 3D smooth shape case. For α = 4.27 deg., the magnitude of the peak pressure coefficient aft of the leading edge is lower than both the clean case and the 3D smooth shape case. This coincides with CL data that show a lower lift coefficient for the high-fidelity maximum scallop shape than either the 3D smooth shape or the clean wing. The magnitude of the pressure coefficient increases as α increases to 6.35 deg. As there are no pressure taps in the ice shape, the small leading-edge separation that exists at this α is not picked up by the Cp distribution data. The pressure coefficient for α = 8.42 deg. shows reduced leadingedge suction on the outboard sections foreshadowing the coming tip stall. At this α the 3D smooth is already showing significantly reduced lift and constant pressures over the tip section indicating tip stall as seen in the tufts. For α = 10.47 deg., the pressure coefficients between the two fidelities of the maximum scallop shape are nearly identical in the outboard and midspan regions. The pressure coefficients nearest the root still have a distinct peak in the 3D smooth case that does not exist for the high-fidelity shape case, which is likely why the 3D smooth shape case has a higher lift coefficient at this α and above. As the rest of the wing is already experiencing stall for both the 3D smooth shape and the high-fidelity shape, the difference in aerodynamic performance is likely a function of the phenomena at the wing root. The increased suction peak at the root for the 3D smooth shape compared to the high-fidelity shape also explains the why the change in Cm with α is more positive for the 3D smooth case than it is for the high-fidelity case. This suction peak is ahead of the moment reference at the quarter-chord point of the mean aerodynamic chord and thus causes a nose-up moment.
The streamwise velocity deficit in the wake of the wing for the high-fidelity maximum scallop ice shape is shown in Fig. 19 . For α = 4.27 deg., the wake of the wing is consistent and thick, in contrast to the 3D smooth ice shape wake, Fig. 13 , where the wake varied in thickness at different spanwise locations. The 3D smooth wake has a clear discontinuity centered at y/b = 0.55 probably due to the ice shape discontinuity discussed earlier. There are vortices on either side of this discontinuity, evidenced by the cross-flow vectors that surround regions of low streamwise velocity. In general, the 3D smooth wake varies widely spanwise. The high-fidelity wake is very uniform spanwise and may be a result of the stabilizing tendencies of the jet/vortex flow produced by the scallops. The high-fidelity wake has more low-velocity flow in the wake as compared to the 3D smooth, reflective of the higher drag especially for the α = 4.27 deg. case. At the lower angles of attack the losses the flow experiences flowing through the scallop protuberances explain the lower wake velocity and higher drag. At higher angles of attack this is probably balanced by the overall flow separation which eventually dominates the drag. At α = 4.47 deg., but especially at α = 6.35 deg., closely placed and periodic regions of high velocity loss are seen in the center of the wake. They appear in the middle of the wake from a spanwise station of approximately y/b = 0.5 to 0.9. It is attractive to explain these regions as a result of the streamwise features seen in the oil flow. However, the data presented in this study is not sufficient to resolve these features. The spanwise distributions for sectional lift and drag coefficients for α = 4.27 deg. and α = 6.35 deg. is shown in Fig. 20 . These spanwise distributions are much smoother than that of the 3D smooth case, similar to the difference in the streamwise velocity deficit data ( Fig. 13 and Fig. 19 ). There is a discontinuity in these distributions at y/b = 0.55, which is not seen in other data. It is possible that this discontinuity, along with the regions of high velocity loss seen in the streamwise velocity deficit data, are artifacts created by limitations of the wake survey system, chiefly spatial resolution of the data collected as well as unsteady effects that are unaccounted for in this analysis.
A composite image of the growth of the leading-edge vortices for high-fidelity maximum scallop ice shape for several α is shown in Fig. 21 . The first separated vortex forms at α = 6.35 deg. and it is similar to that of the 3D smooth shape, except that it extends further toward the wing root. The leading-edge vortex first forms at higher α than both the clean wing and the 3D smooth case. This is due to the existence of valleys between the ice scallop protuberances as shown in Fig. 5b. and Fig. 5c . These gaps create a high-energy, jet-like flow that prevents separation and vortex formation at low-to-moderate alpha. Though these gaps prevent vortex formation and may delay flow separation to higher α, there is likely a loss of total pressure associated with flow moving through these gaps. There is some evidence of this in the streamwise velocity deficit diagram in Fig. 19 , as these losses would likely cause a thicker wake at lowto-moderate α. For α = 7.39 deg., the leading-edge vortex increases in size, however no additional chord is covered by the vortex. The leading-edge vortex does not extend as far outboard as the vortex at α = 6.35 deg. Tip separation also becomes apparent at this α, extending from the wing tip to a point on the span near where the leading-edge vortex at α = 6.35 deg. swept off the wing. This suggests a complex interaction between the leading-edge vortex and the wing tip vortex. For α = 8.42 deg., the vortex has extended inboard of the Yehudi break and sweeps off the wing near y/b = 0.45, much more inboard than the leading-edge vortices at lower α. This corresponds well to the mini-tuft imagery for the high-fidelity shape at the same α, shown in Fig. 16 . In the mini-tuft imagery, separation is seen over the entire chord of the wing for y/b > 0.5 at α = 8.42 deg.
The flowfield associated with the high-fidelity maximum scallop ice shape differs greatly from the flowfield of the clean wing and the 3D smooth maximum scallop ice shape. The existence of the ice shape causes a decrease in lift coefficient, an increase in drag coefficient, and a nose-up pitching moment coefficient compared to the clean case. The high-fidelity case generates larger penalties in lift and in drag below α = 10 deg. When comparing changes with α, the changes that occur in the high-fidelity maximum scallop ice shape case are more gradual than the clean case. Flow separation on the wing occurs from outboard to inboard as α increases. The gaps that exist in the high-fidelity maximum scallop ice shape cause the aerodynamics to differ from that of the 3D smooth maximum scallop ice shape. These gaps cause streamwise jets to form over the entire wing at low α, and in the outboard and inboard regions at moderate α. These jets delay leading-edge separation relative to the 3D smooth case. When these jets disappear near the midspan at moderate α and above due to a change in the ice shape geometry, a leading-edge separation region forms. There is some evidence that these jets are manifesting in the wake as small pockets of decreased streamwise velocity perhaps from generated vortices.
Thus, the 3D smooth ice shape is not conservative in the aerodynamic penalties experience by the wing relative to the very complex, high-fidelity case. This is explained by the result of the flow through the valleys or gaps in the ice scallop shape that influence the overall aerodynamics. However, this is one comparison, on one wing geometry, at low Reynolds number and thus extrapolation to other cases is not possible. Future tests are planned to explore this using simple ice shape geometries modelling various gap sizes and spacing at low and moderate Reynolds numbers to better understand this effect. 
V. Conclusions and Recommendations
This paper examined the flow visualization images, wake measurements, and balance data for a clean swept-wing, as well as the same wing with two fidelities of a leading-edge ice shape. Data analysis presented in this paper aims to bridge the understanding between the numerical performance data such as variation of CL and CD with α and the flow phenomena occurring due to ice on the leading edge of a swept wing. The results lead to several conclusions:
1. The clean wing experienced an aggressive, tip-first stall, which was not seen for the wing with the different fidelities of the maximum scallop ice shape. 2. The clean wing had a small, relatively strong leading-edge vortex at lower α, while the iced cases tend to have much larger, seemingly weaker leading-edge vortices. The size of the leading-edge vortex varies greatly between the two fidelities of the maximum scallop ice shape.
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3. The high-fidelity shape generated streamwise flow features that repeat spanwise downstream of the ice simulation generated from flow through the gaps in the shape. These "jets" are important to the overall aerodynamics of the wing. 4. The 3D smooth maximum scallop ice shape tested was non-conservative in its aerodynamic penalties as compared to the full high-fidelity case. 5. The variation in the scallop shape resulting from the morphing process used to generate it is seen in the aerodynamics near the midspan of the wing, where the ratio of scallop width to gap width in the shape is increased. This variation, which is more extreme than the variation in the 3D smooth shape, effects the formation of the leading-edge vortex by preventing the streamwise flow features from forming over the highfidelity shape.
These results also lead to recommendations for this work:
1. More information is need to more fully understand the effect of scallop ice shape gaps on aerodynamics and before these data can be extrapolated to a more general result. Artificial ice geometry wind tunnel tests that varies the gap size and spacing are planned over a range of Re and M combinations to improve our understanding of the phenomena observed in these tests. 2. Improved measurements and visualization could improve our understanding of the streamwise features seen in the high-fidelity case and how it impacts the flowfield and resulting iced swept-wing aerodynamics. a. Off-body flow visualization could be utilized to observe more closely the jet features and their interaction with and effect on the overall flow. b. Pressure taps on the ice shape itself such that the pressure coefficient on the leading edge of the wing can be measured with an ice shape attached would be very useful. c. More spatial fidelity in the wake survey technique would aid in understanding the smaller features in the flow, such as the potential vortices that manifest at the wake plane. This would yield a better understanding of the flowfield over the wing itself. This could be coupled with performing wake survey measurements at multiple streamwise planes, allowing for a study of the evolution of the wake and flowfield.
